ABSTRACT A numerical simulation methodology for incorporating thermo-magnetic effects on the MOSFET gate tunneling current is introduced. The methodology is based on the solution of the Schrödinger-Poisson coupled system, which allows simulating the influence of a static magnetic field and temperature on the wavefunctions and gate tunneling current of MOSFET devices. In addition to the preliminary results on the simulation methodology, experimental results on the effect of the magnetic field on the subthreshold slope, the off-current, and transconductance, are also introduced. The proposed simulation methodology, in conjunction with experimental data, is useful for device degradation and reliability studies in nano-scaled MOSFET devices. This experimental characterization technique sets also the basis for the development of a magnetic force nanoscopy technique, where the conductive properties, thanks to the Lorentz force, can be two-dimensionally mapped over the nano-scaled MOSFET channel plane.
I. INTRODUCTION
In nano-scaled MOSFETs the carrier mobility and current drive capability are boosted by the incorporation of mechanical strain [1] . However, such a mechanical stress is not uniformly distributed on the channel plane [2] , which results in an anisotropic channel plane conductive properties [3] . Such an anisotropic channel conductive properties can be studied through the characterization of the spatial distribution of mechanical stress, which can be conventionally performed using micro-Raman spectroscopy [4] . The advanced confocal Raman spectroscopy has a spatial resolution in the order of 180 nm [5] , which is certainly not enough for MOSFET devices with dimensions below 180 nm such as the 28 nm CMOS technology. In this work we introduce an alternative characterization technique based on the application of a magnetic field B which allows the electron flow to be deflected through regions with different conductivities. Then, by measuring the average current, under different magnetic flux magnitudes and directions, the conductivity can be scanned or mapped through different regions of the MOSFET chan-nel [6] . Moreover, this technique allows to analyze the gate tunneling current and is useful for device degradation and reliability studies in nano-scaled MOSFET devices. As the alternative characterization technique makes use of an externally applied magnetic field, there is the need to incorporate the magnetic field variable in a simulation tool. This is what in a preliminary stage is introduced in this work. The incorporation of the magnetic field variable is done in addition of the temperature, so thermo-magnetic simulations are performed in nano-scaled MOSFETs. In this work, a preliminary modeling approach for simulating the electrical behavior of a nano-scaled MOSFET under the influence of an external magnetic field and thermal variations is proposed. As a first developing stage, a modeling approach for simulating the gate tunneling current of a MOSFET under the influence of a magnetic field and thermal variations is introduced. The modelling and simulation results on the gate oxide tunneling current are validated with experimental data. In addition to the preliminary results on the simulation methodology, experimental results on the effect of the magnetic field on the subthreshold slope, the off-current, and transconductance, are also introduced. The gate oxide tunneling model that considers magnetic field is introduced in Section II. In Section III measured data and simulations of gate tunneling current, assuming a static magnetic field and thermal variations, are shown. Additional experimental results, besides the modelling and simulation, of the influence of the magnetic field on the off current, the subthreshold slope, and the transconductance are introduced. These additional experimental results are useful as a reference for the preliminary numerical simulation results shown for the gate oxide tunneling. Finally, in Section IV some conclusions are drawn.
II. DIRECT TUNNELING CURRENT IN A CONSTANT MAGNETIC FIELD
Calculation of the quantum effects such as energy quantization and gate tunneling current of nano-scaled MOS transistors is frequently based on the self-consistent Schrödinger-Poisson system [7] - [12] . The wavefunctions and the energies of the system are calculated by solving the time-independent effective mass Schrödinger equation,
wherep = −i ∇ is the momentum operator, ψ is the wavefunction, E is the energy eigenvalue, V(r) is the potential energy and m * is the effective mass. The relation between the space charge and the electrostatic potential is calculated by means of Poisson equation,
where is the dielectric constant, φ is the electrostatic potential, Nd is the ionized donor concentration and n(r) is the electron density distribution. The electron density n(r) is determined from the solution of the Schrödinger equation by using the wavefunction ψ,
where k is the Boltzmann constant, T is the temperature, is the reduced Planck constant, E f is the fermi level and E i is the energy level. The Schrödinger-Poisson system is solved in a consistent way in order to find the potential distribution and the corresponding carrier concentration. In the presence of a constant magnetic field B, where B can be described by a vector potential A such that B = ∇ × A, the kinetic potential term in the Hamiltonian operator is modified [13] . The quantum mechanical momentum operatorp becomeŝ p − qA and the Schrödinger equation for a particle in a magnetic field can be defined as
For continuous Schrödinger equation, there are many vector potentials A that generate the same constant magnetic field B. This invariance of the magnetic field B under different choices for vector A is called gauge invariant [13] . In order to preserve this property in discretized Schrödinger equation, lattice gauge theory needs to be used [14] . Once the wavefunctions ψ and the energies E are computed, the direct tunneling current can be calculated. The direct tunneling current can be described by the Tsu-Esaki formula [15] ,
where Sf represents the supply function and the TC term is the transmission coefficient. The transmission coefficient can be calculated as
where the J t term corresponds to the transmitted current density and J i corresponds to the incident current density. The current density probability J can be defined as
A. BOUNDARY CONDITIONS
In order to calculate the gate tunneling current in a nanoscaled MOSFET, open boundaries need to be considerated. In recent works, a method based on absorbing boundary conditions (PML method) has been applied to determine the quasi bound states of an open system [10] , [16] , [17] . The PML method adds absorbing layers with non physical meaning which act as artificial open boundary conditions preventing reflections. This process is done by means of replacing coordinates r by stretched coordinatesr. As a result, the derivatives of the system can be expressed as
where s r is the stretching function defined as s r = 1 + (α + iβ)r n . The parameter β is a damping factor and the parameter α scales the phase velocity of the wavefunction.
III. RESULTS AND DISCUSSION
As a benchmark device a 28-nm n-type Si MOSFET with equivalent oxide thickness EOT of 2.0 nm, gate width W of 1.0 μm, N D = 5 · 10 19 cm −3 and N A = 3 · 10 18 cm −3 was used for all the experiments. The Id − Vg characteristic curve of the 28-nm nMOSFET without applying an external magnetic field was measured, see Fig. 1 . Ideally, the transistor should be off at Vg = 0.0V, but we see in Fig. 1 that there is a leakage current I off of 10pA at Vd = 0.1V. Furthermore, the subthreshold slope S should be close to its ideal 60mV/dec value. The subthreshold slope S is given by where k is the Boltzmann constant, q is the electron charge, and m is a numerical factor in the 1 to 2 range. An external magnetic field was applied perpendicular to the surface of the MOSFET, the leakage current I off and the subthreshold slope S were measured as a function of the magnetic field B (Fig. 2) . We see that there is no parabolic reduction of the I off current and neither in the subthreshold slope S [18] . Under an ideal situation, for negative B field the current lines should be deflected by the Lorentz force to the left side in the z-axis direction, while for positive B field do to the right side of the FET channel plane showing a symmetrical behavior, see inset Fig. 2 . Moreover, we measured the transconductance gm and the threshold voltage Vt as a function of a magnetic field (Fig. 3) . We see that there is an asymmetry in the transconductance and also in the threshold voltage. There is an asymmetry in the experimental results which cannot be explained with the assumption of an isotropic and homogeneous channel FET conductance [3] . This non-homogeneous conductance can be attributed to the asymmetry and non-homogenity caused by the mechanical stress induced in the transistor [2] .
We applied an external magnetic field parallel to the surface of the channel (z-axis) and perpendicular to the gate current lines (Fig. 4) . The measurement tunneling current was compared with the results obtained from our simulation tool. Fig. 4 shows the measured and simulated magnetomodulated gate current I G = I G B =0 − I G B=0 under the influence of a static magnetic field B = ±400mT with V DS = 0.5V. There is a good agreement between measurement data and the results obtained with our simulation tool.
As we mentioned before, a strained 28-nm MOSFET may have an asymmetrical channel conductance [2] , [6] , such an asymmetry can be recreated by means of a non-uniform gate oxide thickness or by means of variations in the device doping profile. In this work, we recreate such an asymmetry for both cases. T oxR = 2.6 nm, and oxide number three has T oxL = 2.0 nm and T oxR = 2.7 nm. We see that there is a higher percentage of change of I G for oxide three which is the most asymmetric device structure. In Fig. 6 we show that the asymmetry of deltaIg-B increases and tends to saturate at large values for the oxide thickness asymmetry. Moreover, the behavior of the supply function Sf and the transmission coefficient TC for oxide three under the influence of a magnetic field are shown in Fig. 7 . We see that for high values of the magnetic field B, depending on the magnetic field polarity, the transmission coefficient decreases or increases. Due to the non uniformity of the oxide, there is a higher transmission probability when electrons are deflected by the Lorentz force to the thinner oxide side. Moreover, the supply function decreases when a magnetic field is applied. A reduction of the supply function implies a decrease of the charge population with an energy range with a transmission probability to tunnel through the gate oxide. Therefore, a reduction of the supply function implies a reduction of the current that tunnels through the gate oxide.
Furthermore, an asymmetrical channel conductance was recreated by means of three different non uniform doping profiles, see Fig. 8 . Doping profile number one has DopL = 2 · 10 18 cm −3 and DopR = 5 · 10 18 cm −3 , doping profile number two has DopL = 1 · 10 18 cm −3 and DopR = 5 · 10 18 cm −3 , and doping profile number three has DopL = 9 · 10 17 cm −3 and DopR = 5 · 10 18 cm −3 . Fig. 9 shows the percentage of change of magnetomodulated gate current ( I G /I G (%)) for the defined non uniform doping profiles.
In Fig. 9 , we see that there is a higher percentage of change of I G when a magnetic field with positive polarity is applied. With a positive B field the current lines are deflected by the Lorentz force to the right side in the x-axis direction (towards the drain side) where there is a larger doping profile. A larger doping profile implies an increase of the threshold voltage which results in a lower inversion layer charge population. Therefore, the supply function decreases and as a direct consequence the tunneling current decreases.
The most asymmetric doping profile number three shows the most pronounced asymmetrical magnetomodulated gate current I G . Fig. 10 shows the relation between the nonuniformity of the semiconductor doping profile Doping = DopL − DopR and the magnetomodulated gate current I G . The highest doping profile asymmetry results in the largest asymmetrical magnetomodulated gate current I G . Furthermore, Fig. 11 shows the relation between temperature and gate tunneling current I G from simulated and experimental data. There is a good agreement between measurement data and the results obtained with our simulation tool. The tunneling current rises as there is an increase in temperature. This happens because temperature affects the behavior of the supply function Sf and the transmission coefficient TC; see Fig. 12 . With temperature, both the supply function and the transmission coefficient increase [19] , and so does the gate tunneling current.
IV. CONCLUSION
A preliminary thermo-magnetic effects simulation tool was introduced. The magnetic field and temperature have been incorporated into the solution of the Schrödinger-Poisson coupled system using the Vienna Schrödinger-Poisson solver (VSP) [12] . This implementation into the GTS Framework [20] simulation tool allows us to calculate the gate tunneling current in MOSFET devices. The Lorentz force deflecting the current flow either to the right (positive B values) or the left (negative B values) of the MOSFET channel, along its width axis, is equivalent to mapping the channel conductance. Therefore, this technique can be considered as an alternative for conventional microRaman spectroscopy techniques where electronic properties are two-dimensionally scanned or mapped. Once the channel current model is fully correlated to the electronic properties in general, such as energy bandgap Eg, intrinsic concentration ni, carrier mobility μ, etc, and also correlated to their respective position-dependent value, then the channel current variation as a function of the B field can be used to determine the electronic properties as a function of the channel position. As a first approach and as a reference for this preliminary work we may say that for an extremely short sample as this (W/L) = (1μm/28nm) MOSFET the Hall angle H 82 VOLUME 3, NO. 2, MARCH 2015 can be approximated by
where μ is the carrier mobility and B is the magnitude of the magnetic field. Assuming an average carrier mobility μ = 500cm 2 /Vs this results in a ≈ 2.3 degrees for B = 0.8 T, which in turns results in position deflection, along the axis, W ≈ 1.12nm. In order words, this gives a magnetic field space resolution of 1.4nm per Tesla. This is the general objective of this modeling, simulation and experimental set of results.
As a future work we are modifying our simulation tool in order to consider magnetic fields with different orientations and directions. With this new feature, the simulation tool will allow us to analyze thermo-magnetic effects on the drain current by means of applying an external magnetic field perpendicular to the surface of the MOSFET.
